Abstract: Using patch-clamp technique, we studied the role of the Ca 2+ /calmodulin kinase II (CaMK II)-mediated phosphorylation process on the K + channel with an inward conductance of 90 pS in opossum kidney proximal tubule cells (OKPCs). The intracellular Ca 2+ concentration ([Ca] i ) was measured by use of the fluorescent dye fura 2. The following results were obtained: (i) In cell-attached patches, the channel activity was inhibited by a decrease in [Ca] i induced by perfusion with low Ca 2+ (10 -8 M), La 3+ (100 µM), or EGTA/AM (100 µM) contained in the bath solution. The application of KN-62 (10 µM) or KN-93 (5 µM), inhibitors of CaMK II, also inhibited the channel activity. (ii) The membrane potential measured with nystatin-perforated patches was significantly decreased by the fall in [Ca] i induced by the perfusion with EGTA-or La 3+ -containing solution. Also, the application of KN-62 (10 µM) or KN-93 (5 µM) to the bath significantly decreased the membrane potential. (iii) In inside-out patches, the channel activity was significantly stimulated by the application of CaMK II (300 pM) at 10 -7 M Ca 2+ in the bath. Furthermore, the application of KN-62 (10 µM) to the bath significantly decreased the channel activity. Our findings show that the constitutive activity of inwardly rectifying K + channel at physiological [Ca] i is mediated by the Ca 2+ /CaMK II pathway in OKPCs.
Basolateral K + conductance of proximal tubule cells plays an important role in electrogenic Na + reabsorption across the luminal membrane through the maintenance of the cell membrane potential [1] . It has been well established that basolateral ATP-regulated K + channels in proximal tubule cells are the main source of basolateral K + conductance [2] . Using a model system of proximal tubule epithelium [3] , we earlier demonstrated that an inwardly rectifying ATP-regulated K + channel having an inward conductance of 90 pS was present in the membrane of cultured opossum kidney proximal tubule cells (OKPCs) [4] . Moreover, this channel was found to be regulated by several intracellular factors such as cytosolic pH, protein kinases, and protein phosphatases [5] [6] [7] [8] , as was also demonstrated in proximal tubule cells of other species [2] .
It has also been shown that Ca 2+ -dependent signal transduction systems regulate the activity of the inwardly rectifying K + channel in the proximal tubule cells [9, 10] . Ca 2+ -dependent serine/threonine protein kinases are major components of the Ca 2+ -dependent signal transduction system [11, 12] , and these kinases are known to regulate the activity of several ion channels, carriers, and pumps, thereby modulating transmembrane electrolyte transport. The two main groups of Ca 2+ -dependent protein kinases are (i) protein kinase C (PKC) and (ii) Ca 2+ /calmodulindependent protein kinase II (CaMK II). Previously, we studied the effect of PKC on this K + channel and demonstrated that PKC inhibits the inwardly rectifying K + channels at the intracellular Ca 2+ concentration ([Ca] i ) over the physiological range, ~10 -6.5 M [9] . Furthermore, we reported that CaMK II-mediated phosphorylation contributes to the activation of inwardly rectifying K + channels in OKPCs [9] .
Although the effect of Ca 2+ -dependent proteins, such as the constitutive form of nitric oxide synthase (cNOS) [13, 14] or PKC [9] , on K + channel activity has been studied at a high cytosolic Ca 2+ concentration, it has not been fully examined at a physiological or low cytosolic Ca 2+ concentration. Furthermore, our previous experiments left the following question open [9] : does CaMK II activate this K + channel at physiological [Ca] i , such as ~10 -7 M? In this study, therefore, we examined the effect of a low [Ca] i on the inwardly rectifying K + channels in OKPCs, hematocrit capillaries (Nichiden Rika Glass, Hyogo, Japan). The filling solution of the patch pipettes for singlechannel recordings contained 145 mM K + solution (10 -7.5 M free Ca 2+ ). For whole-cell recordings, they contained the same K + solution supplemented with 100 µg/ml nystatin. The electrode resistance ranged from 4 to 6 MΩ. Electric currents and voltages measured with a patch-clamp amplifier (EPC-8, HEKA elektronik, Lambrecht, Germany), which was controlled by a Macintosh computer (PowerMacintosh 8500/150, Apple Computer, Cupertino, CA) equipped with an interface (ITC-16, Instrutech, Elmont, NY) and control software (Pulse+PulseFit, HEKA elektronik), were stored on a DAT recorder (Model 5870, NF, Tokyo, Japan). The current records were played back and low-pass filtered (902LPF, Frequency Devices, Haverhill, USA) at 1 kHz and digitized at 1,000 samples/s with MacLab MK III (ADInstruments, New South Wales, Australia) and a Macintosh computer. The voltage records were played back and digitized at 100 samples/s with the same A/D converter. The data obtained were analyzed by using the AXOGRAPH program system (Axon Instruments, Foster City, CA). Values for the potential were taken as the voltages of the pipette (Vp). Currents flowing from the cytoplasmic side to the extracellular side were defined as outward (positive) and shown as upward deflections in the figures.
Channel activity was determined by the mean channel open probability (P O ), which was calculated as where N is the number of active channels in the patch, and t n (t 1 , t 2 , ... t N ) is the fractional open time at each current level. Normalized channel activity was calculated by the ratio P O exp /P O cont , where P O cont and P O exp are mean channel activities of control and experimental conditions, respectively. P O cont was determined from a 20-s data sampling period just before the addition of chemicals, and P O exp was determined from a 20-s data sampling period within the period of 30 to 90 s after the chemical had been added.
Measurement of [Ca] i .
The cells were incubated with 5 µM fura 2-AM (Dojindo, Kumamoto, Japan) for 30 min at room temperature (22°-24°C) in a control bath solution containing 2% BSA. They were resuspended and stored in a control bath solution containing 2% BSA at 4°C and placed on a coverslip precoated with neutralized Cell-Tak to allow the cells to adhere firmly to the coverslip. The coverslip with cells was set in a perfusion chamber, which was then mounted on the stage of an inverted microscope (IX70, Olympus, Tokyo, Japan) connected to an image analysis system (ARGUS/HiSCA, Hamamatsu Photonics, Hamamatsu, Japan) [22, 23] . All the experiments were performed at room temperature. The volume of the perfusion chamber was approximately 80 µl, and the rate of Statistics. Data were expressed as means ± SD. Where appropriate, one-way ANOVA was applied to assess the significance of difference for paired and unpaired samples.
RESULTS

Measurement of [Ca] i
Changes in [Ca] i were measured during the perfusion with low Ca 2+ (10 -8 M)-, La 3+ -, or EGTA/AM-containing solution. As shown in Fig. 1 , this perfusion produced a gradual decrease in the fura 2 fluorescence ratio over a period of about 10 min. Furthermore, halting the perfusion with the low Ca 2+ (10 -8 M)-containing solution produced a transient recovery in the fura 2 fluorescence ratio (Fig.  1A) , which has been already reported to indicate capacitative Ca 2+ entry in many cells [24] .
Measurement of K + channel activities and membrane potential
We examined the effect of the decrease in [Ca] i on the activity of the inwardly rectifying K + channel in OKPCs by using the cell-attached patches. As shown in Fig. 2A , the decrease in the bath Ca 2+ concentration ([Ca] b ) to 10 -8 M significantly reduced the channel activity within 3 min. The addition of 100 µM La 3+ or 100 µM EGTA/AM to the bath in the presence of 2 mM Ca 2+ also significantly reduced the K + channel activity ( Fig. 2B and C, respectively). The effect of decreasing [Ca] i on the activity of the K + channel in OKPCs is summarized in Fig. 3 .
As shown in Fig. 4 , the changes in membrane potential were measured by using nystatin-perforated patches under the condition of decreased [Ca] i . Decreasing [Ca] b to 10 -8 M gradually depolarized the cell membrane from -60.5 ± 4.2 to -23.5 ± 3.4 mV in 5 min (n = 5, Fig. 4A ). As shown in Fig. 4B and C, the addition of 100 µM La 3+ or 100 µM EGTA/AM to the bath in the presence of 2 mM Ca 2+ also decreased the membrane potential by 28.5 ± 5.4 mV or 42.8 ± 8.8 mV, respectively, from each control value in 5 min. These results suggest that decreasing [Ca] i may have suppressed the activity of the inwardly rectifying K + channel by the inhibition of the Ca 2+ -mediated signal transduction process. Thus by using the patch-clamp technique, we next explored changes in the activities of the K + channel or membrane potential following application of the inhibitors of PKC, NOS, or CaMK II to the OKPCs. First, we examined the effects of a PKC-dependent process on the activity of inwardly rectifying K + channels. In cell-attached patches, the application of 5 µM GF109203X (a PKC inhibitor) to the bath had no effect on the K + channel activity (Fig. 5A) . Also, we examined the effects of a Ca 2+ -sensitive NOS-mediated process on the activity. The application of 5 µM L-NNA or 5 µM L-NAME had no effect on the activity of the K + channel (Fig. 5B and C) . Therefore these results indicate that neither PKC-dependent nor Ca 2+ -sensitive NOS-mediated phosphorylation participates in maintaining the activities of the K + channels under these experimental cell conditions. Second, we examined the effects of a CaMK II-dependent process on the activity of inwardly rectifying K + channels and on the cell membrane potential. In cell-attached patches, the application of 10 µM KN-62 or 5 µM KN-93 to the bath significantly inhibited the K + channel activity to 43.3 ± 23.6% (p < 0.01, n = 4) or 16.6 ± 19.5% (p < 0.0005, n = 4), respectively, of the control values within 3 min; whereas that of 10 µM KN-92, a negative control of KN-62, failed to show any inhibition (Fig. 6 ). The effect of these CaMK II inhibitors on the activity of the inwardly rectifying K + channel in OKP cells is summarized in Fig. 7 . Furthermore, the change in membrane potential following the addition of CaMK II inhibitors was examined by using the nystatin-perforated patches (Fig. 8) . The application of KN-62 or KN-93 to the bath gradually and significantly decreased the membrane potential to -27.0 ± 10.0 mV (n = 5) or -27.9 ± 3.4 mV (n = 5), respectively, from the control values within 5 min (Fig.  8A and B) ; whereas the application of KN-92 had no ef- Fig. 3 . Summarized data on the K + channel activity in response to the bath solution containing 10 -8 M Ca 2+ , 100 µM La 3+ , or 100 µM EGTA/AM in cell-attached patches with a pipette-holding potential of 0 mV. Data are presented as channel activities normalized from the control values, taken as 1. *Significant difference from the control value at the level of p < 0.05, **significant difference from the control value at the level of p < 0.001, ***significant difference from the control value at the level of p < 0.0001. fect on it (Fig. 8C ). Thus these results indicate that the CaMK II-dependent phosphorylation process significantly contributes to maintaining the activities of the K + channel and the membrane potential, thereby indicating that the membrane potential is generated in part by CaMK IImediated K + channel activation at physiological [Ca] i .
F o r P e e r R e v i e w
As the next step, we examined the change in the inwardly rectifying K + channels at a low Ca 2+ concentration in inside-out patches. As reported previously [9] , lowering the Ca 2+ concentration in the bath from 10 -6 to 10 -7.5 M produced no change in K + channel activity (Fig. 9) . This result indicates that Ca 2+ itself did not modulate the K + channel activity. In inside-out patches, calmodulin and CaMK II are considered to be scarcely present in the membrane; so we examined the effects of exogenous calmodulin and CaMK II on the inwardly rectifying K + channel in inside-out patches (Fig. 10) . Experiments were performed in the presence of 10 -6.0 , 10 -6.5 , 10 -7.0 , or 10 -7.5 M Ca 2+ in the bath solution with 1 mM ATP to prevent channel "rundown". Before the administration of CaMK II, 1 µM calmodulin added to the bath solution had a significant effect on channel activity at pCa 6.0 (Fig. 11A) . The channel activity was increased following the addition of 300 pM CaMK II to the bath solution in the presence of 10 -6.0 , 10 -6.5 , or 10 -7 M Ca 2+ (10 -6.0 M Ca 2+ , 246.0 ± 115.1% of control value [p < 0.05, n = 6]; 10 -6.5 M Ca 2+ , 209.3 ± 68.3% of control value [p < 0.0005, n = 4]; 10 -7.0 M Ca 2+ , 112.6 ± 3.6% of control value [p < 0.05, n = 4]). After a washout of the calmodulin and CaMK II, the channel activity did not recover quickly to the control level, indicating that the dephosphorylation process of the CaMK II-dependent phosphorylation might not be present in the Lastly, we examined the effect of KN-62 or KN-92 on the inwardly rectifying K + channels in the inside-out patches. As shown in Fig. 12 , an application of KN-62 at pCa 6 decreased the activity of the K + channel, whereas KN-92 did not, indicating that CaMK II may still be present in the membrane and activate these K + channels in inside-out patches.
DISCUSSION
Interesting observations were made in the current study. First, in the physiological range of [Ca] i , the activity of the inwardly rectifying K + channel in OKPCs was maintained by a Ca 2+ /Calmodulin-dependent protein kinase without regulation by an NO-cGMP-or PKC-dependent pathway. Second, the effect of Ca 2+ /Calmodulin-dependent protein kinase on the K + channel was inhibited by a decrease in [Ca] i or by the administration of a CaMK II inhibitor, KN-62 or KN-93.
Recently, an inhibitory effect of high [Ca] i on the inwardly rectifying K + channels was observed in both amphibian and mammalian proximal tubule cells, being induced by PKC-mediated phosphorylation [9, 10] . In the current study, however, the administration of GF109203X, a PKC inhibitor, produced no change in the K + channel activity in the cell-attached patches under physiological extracellular Ca 2+ concentration. Therefore we consider that the PKC-dependent process does not affect the K + channel activity in the normal range of [Ca] i in OKPCs. Furthermore, Ca 2+ /calmodulin-dependent protein kinase in the high [Ca] i (10 -6 M) has been shown to inhibit the inwardly rectifying ATP-dependent K + channel activity in principal cells of the collecting duct [2, 25] . In contrast, CaMK II activates the K + channel in inside-out patches with 10 -6 M [Ca] b in the OKPCs [9] . Therefore we further examined the effect of [Ca] i on the K + channel in OKPCs.
Lowering [Ca] i by decreasing [Ca] b to 10 -8 M or the administration of EGTA/AM or La 3+ to the bath produced a decrease in both the K + channel activity and the membrane potential in cell-attached and nystatin-perforated patches (Figs. 2-4) . Recently, several Ca 2+ -permeable channels have been identified as Ca 2+ influx pathways in various epithelia, most of which belong to the superfamily of TRP channels [26] . Furthermore, it was reported that TRPC1 is highly expressed in the apical brush-border of the proximal tubule cells along with AQP1 [27] . Our present study in OKPCs revealed depolarization of the cell membrane or inhibition of the K + channel when La 3+ , known to be a TRP channel inhibitor [34] , was added to the bath (Figs. 2B and 4B ). Besides the decrease in K + channel activity, the fura 2 fluorescence ratio was decreased by the application of La 3+ to the bath (Fig. 1B) . It is therefore very likely that Ca 2+ -permeable channels, such as TRPC1, are activated under physiological conditions and exist in the cell membrane of OKPCs. Furthermore, decreasing [Ca] i by the application of 100 µM EGTA/AM to the bath (Fig. 1C) Previously we observed that an administration of CaMK II activates the K + channel in inside-out patches at 10 -6 M [Ca] b [9] . In the present study, the inhibition of CaMK II by the application of KN-62 or KN-93 also produced a decrease in both the K + channel activity and the membrane potential in cell-attached and nystatin-perforated patches. However, in inside-out patches, the K + channel activity was decreased but still maintained in the presence of KN-62 (Fig. 12 ) and the lowering [Ca] b from 10 -6 to 10 -8 M without perfusing calmodulin, and CaMK II produced no significant change in this activity ( [9] , Fig.  9 in this study). These results indicate that mechanisms other than the Ca 2+ -signaling pathway might be involved in the regulation of the K + channel activity [5, 7] . However, this activity was stimulated in the presence of CaMK II with calmodulin at 10 -7 M [Ca] b in inside-out patches (Figs. 10 and 11) , indicating that the regulation of inwardly rectifying K + channel activity is mediated by Ca 2+ / CaMK II pathway at physiological [Ca] i . Fig. 12 . In inside-out patches with a pipette-holding potential of 50 mV, the application of 10 µM KN-62 (A) to the bath produced a significant inhibition of the K + channel activity, whereas 10 µM KN-92 (B) produced no significant change at 10 -6 bath Ca 2+ concentration.
In cell-attached patches, lowering [Ca] i significantly produced the decrease in the K + channel activity and membrane potential. However, a suppression of the Ca 2+ / CaMK II pathway by lowering [Ca] b in inside-out patches did not inhibit the K + channel activity in this study (Fig.  9) . This discrepancy between the data obtained by cell-attached patches and inside-out patches indicates that the channel inhibition by lowering [Ca] i in cell-attached patches might not be induced through the inhibition of Ca 2+ /CaMK II pathway, but through the inhibition of other cellular processes requiring cytosolic Ca 2+ . These results also indicate that the cytoskeleton of the cell may participate in the regulation of this channel activity by a Ca 2+ -dependent process such as Ca 2+ /CaMK II [29] . However, no significant difference between the inhibitory effects of ophiobolin A, an inhibitor of calmodulin, and KN-62 on the K + channel activity was observed in the cell-attached patches (unpublished observation). These results may indicate that Ca 2+ /CaMK II directly participates in the regulation of K + channel activity. Taking all of the above results together, we would like to conclude that the inwardly rectifying K + channel activity was stimulated by CaMK II to maintain membrane potential in the physiological range of [Ca] i in OKPCs.
It has been reported that nNOS plays an important role in the regulation of fluid and electrolyte transport in proximal tubule cells [30] . The activation of nNOS and eNOS, both of which require the elevation of [Ca] i , leads to the activation of a cGMP-mediated phosphorylation process [31] . Several reports have demonstrated that cGMP-mediated phsophorylation regulates inwardly rectifying K + channels in proximal tubule cells [6, 32, 33] . In the present study, however, the application of L-NNA or L-NAME to the bath did not affect the activity of inwardly rectifying K + channels ( Fig. 5B and C) , suggesting that Ca 2+ -cNOS-PKG-mediated phosphorylation processes were not involved in the mechanism that maintained the activity of inwardly rectifying K + channels under our experimental conditions.
In histochemical studies on inwardly rectifying ATPsensitive K + channels (Kir6.1), Kir6.1 with a conductance of 70 pS was found to be ubiquitously distributed along the nephron, suggesting that it may be functionally related to Na + -K + ATPase along the renal tubule [34] and that the inwardly rectifying K + channel in OKPCs is involved in the Kir6.x family. However, there is no information about the precise type of inwardly rectifying K + channel in proximal tubule cells. Also, our present results do not indicate whether CaMK II phosphorylates the channel protein directly or through some associated protein.
In conclusion, this study showed that the activity of inwardly rectifying K + channels is stimulated by modulating a Ca 2+ /CaMK II-dependent pathway at the physiological [Ca] i of OKPCs. We previously showed that high [Ca] i inhibited K + channel activity by modulating a Ca 2+ -PKC-dependent signaling pathway [9] . Thus the K + channel activity appears to be regulated by two different Ca 2+ -dependent phosphorylations, i.e., an inhibitory one by PKC and a stimulatory one by CaMK II. We propose that CaMK II-mediated phosphorylation plays an important role in maintaining the membrane potential in the proximal tubule cells, not only by its direct effect on inwardly rectifying K + channel activity, but also by its effect on Na + -K + -ATPase activity [35] . Further studies are needed to elucidate the precise mechanism by which Ca 2+ -mediated phosphorylation regulates the activity of the K + channel.
